In previous studies, we showed that TP53-induced glycolysis and apoptosis regulator (TIGAR) protects neurons against ischemic brain injury. In the present study, we investigated the developmental changes of TIGAR level in mouse brain and the correlation of TIGAR expression with the vulnerability of neurons to ischemic injury. We found that the TIGAR level was high in the embryonic stage, dropped at birth, partially recovered in the early postnatal period, and then continued to decline to a lower level in early adult and aged mice. The TIGAR expression was higher after ischemia/reperfusion in mouse brain 8 and 12 weeks after birth. Four-week-old mice had smaller infarct volumes, lower neurological scores, and lower mortality rates after ischemia than 8-and 12-week-old mice. TIGAR expression also increased in response to oxygen glucose deprivation (OGD)/ reoxygenation insult or H 2 O 2 treatment in cultured primary neurons from different embryonic stages (E16 and E20). The neurons cultured from the early embryonic period had a greater resistance to OGD and oxidative insult. Higher TIGAR levels correlated with higher pentose phosphate pathway activity and less oxidative stress. Older mice and more mature neurons had more severe DNA and mitochondrial damage than younger mice and less mature neurons in response to ischemia/reperfusion or OGD/ reoxygenation insult. Supplementation of cultured neurons with nicotinamide adenine dinuclectide phosphate (NADPH) significantly reduced ischemic injury. These results suggest that TIGAR expression changes during development and its expression level may be correlated with the vulnerability of neurons to ischemic injury.
INTRODUCTION
Ischemic stroke results from a transient or permanent reduction in cerebral blood fl ow restricted to the territory of a major brain artery. The oxidative stress associated with excessive production of reactive oxygen species (ROS) is a fundamental mechanism of brain damage in stroke [1] [2] [3] . The vulnerability of neurons to ischemic injury increases with age [4] , and it has also been reported that neonatal mice are more prone to ROS-induced damage [5, 6] . Neonatal stroke leads to morbidity and severe long-term neurological and cognitive defi cits, including cerebral palsy. In patients with ischemic stroke, older patients experience more severe brain damage and have a higher incidence of mortality and disability than younger patients [7] . The mechanisms underlying age-mediated susceptibility to ischemic injury in neonatal, mature, and aged mice are not fully understood.
Mitochondrial integrity is known to decline as a function of age, thus increasing oxidative stress [8] [9] [10] , while other deleterious changes associated with aging include changes in gene expression and the signaling pathways involved in neuronal survival [11, 12] .
TP53-induced glycolysis and apoptosis regulator
(TIGAR) has similarities to the bisphosphatase domain of PFK-2/FBPase-2, a bifunctional enzyme with both kinase and bisphosphatase activities [13] . PFK-2/FBPase-2 regulates both the synthesis (through PFK-2) and the degradation (through FBPase-2) of intracellular fructose-2,6-bisphosphate (Fru-2,6-P2), a potent positive allosteric regulator of 6-phosphofructo-1-kinase (PFK-1), which is one of the key regulators of glycolysis [14] . Therefore, TIGAR can block glycolysis by reducing the level of
Fru-2,6-P2. Our previous studies showed that TIGAR also upregulates the expression of G6PD (glucose-6-phosphate dehydrogenase), a rate-limiting enzyme in the pentose phosphate pathway (PPP) [15] , such that TIGAR is able to increase PPP flow. PPP is the major source of nicotinamide adenine dinucleotide phosphate (NADPH) and ribose phosphate. NADPH is important for maintaining the levels of reduced glutathione (GSH) [11, 16] , which is critical for ROS metabolism. A previous study reported that TIGAR protects neurons against ischemic injury by promoting PPP fl ow [15] . In the present study, we sought to determine the developmental changes of TIGAR protein levels and investigate whether they are correlated with the vulnerability of neurons to ischemic injury.
MATERIALS AND METHODS

Model of Focal Ischemia
Male ICR mice (1, 2, and 3 months old) were purchased from the Shanghai Laboratory Animal Center, Chinese
Academy of Sciences (Shanghai, China). All animals were used in accordance with the Institutional Guidelines for Animal Use and Care and the study protocol was approved by the Ethical Committee of Soochow University.
Middle cerebral artery occlusion (MCAO) surgery was performed as described previously [17, 18] . Briefl y, mice were anesthetized by intraperitoneal injection of 1% pentobarbital sodium. For focal cerebral ischemia, a silicone-coated nylon (6-0) monofilament (Doccol Corp., Redlands, CA) was inserted into the exposed right internal carotid artery and removed 120 min after occlusion. Cerebral blood fl ow was monitored (LDF ML191 Laser Doppler Blood Flow
Meter, Australia) and only mice with 90% reduction of blood fl ow during MCAO and 85%-95% recovery of blood fl ow during reperfusion were used for further experiments.
Sham-operated mice underwent identical surgery but the monofilament was not inserted. Body temperature was maintained at 37 ± 0.5°C using a heating blanket during surgery. Mice were sacrificed at the indicated times after ischemia/reperfusion.
Assessment of Neurological Score
Twenty-four hours after ischemia/reperfusion, neurological status was assessed using a 5-point rating scale [18] . Defi cits were evaluated in a blinded manner using the following scale: 0, normal motor function; 1, flexion of torso and contralateral forelimb when lifted by the tail; 2, circling to the contralateral side when held by the tail on a fl at surface but normal posture at rest; 3, leaning to the contralateral side at rest; 4, no spontaneous motor activity.
Assessment of Infarct Size
The infarct size was determined by staining with 1% paraformaldehyde, and photographed with a digital camera.
Infarct volume was calculated from the 5 slices using the following formula: infarct volume = (red area of contralateral side − red area of ipsilateral side) / total area × 100% [19] .
Cell Culture and Oxygen Glucose Deprivation/ Reoxygenation
Primary neurons were obtained from the cerebral cortex of ICR mouse embryos at E12, E16, and E20 as described previously [20] . T he cells were subjected to oxygen glucose 
Western Blot Analysis
Protein concentrations in extracts from mouse cerebral After three washes, the protein bands were developed with an enhanced chemiluminescence system (GE Healthcare, Piscataway, NJ). Films were scanned and densitometric analyses were performed using AlphaEase software (Alpha Innotech, San Leandro, CA). Samples were normalized to actin and presented as fold of the control group.
Immunofl uorescence
Immunofluorescence was carried out as described previously [21] 
Cell Viability Assay
The viability of cultured primary neurons treated with H 2 O 2 was evaluated with a non-radioactive cell-counting kit (CCK-8; Dojindo, Kumamoto, Japan).
DHE Staining for ROS
Neurons were incubated with dihydroethidium (DHE)
(1:2000; Beyotime, Nanjing, China) at 37°C for 20 min.
Then they were visualized with a confocal microscope (LSM 710, Carl Zeiss, Germany) and fl uorescence was measured with a 590 nm fi lter. Images were stored digitally.
Measurement of NADPH/NADP + and GSH/GSSG Levels
The levels of NADPH/NADP + and GSH/GSSG in cerebral cortices and primary neurons were determined 0, 3 and 24 h after ischemia/reperfusion or OGD/reoxygenation with the Enzychrom NADPH/NADP + assay kit (BioAssay Systems, Hayward, CA) and the GSH/GSSG kit (Bey otime) following the manufacturers' instructions.
Measurement of Lactic Acid Level
The lactic acid (LD) levels in cerebral cortices and primary neurons were determined 0, 3, and 24 h after ischemia/ reperfusion or OGD/reoxygenation with an LD assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) following the manufacturer's instructions.
Single-cell Gel Electrophoresis (Comet) Assay
DNA damage in primary neurons was analyzed with an alkaline comet assay [22] . Using processed cells ( and fi xed in anhydrous ethanol for 10 min, after which they were stored for subsequent analysis under a fl uorescence microscope (Carl Zeiss, Germany). About 100 randomlyselected comets were analyzed on each slide. Images were processed using CASP, a tool for image analysis in comet assay. The data from CASP analysis were plotted using GraphPad Prism5.
Isolation of Mitochondria from Primary Neurons and Cerebral Cortex
After reperfusion or reoxygenation for 24 h, brain tissues from the whole ischemic cortex (infarct and penumbra tissues) or cultured primary neurons were collected for purification of mitochondria using a cell mitochondria isolation kit (Beyotime) and a tissue mitochondria isolation kit (Beyotime) according to the manufacturer's instructions.
Statistical Analysis
Data are presented as mean ± SEM and were analyzed with one-way analysis of variance (ANOVA) with post hoc
Bonferroni multiple comparisons or two-tailed Student's t-test. A difference was considered statistically significant when P <0.05.
RESULTS
TIGAR Level Decreased during Development and Aging
The protein level of TIGAR in cerebral cortex was highest at embryonic day 10, decreased slightly thereafter and robustly dropped at birth. This may be responsible for the susceptibility of neonatal mice to ROS insult [5] . The level partially recovered at postnatal days 4-7 followed by a gradual decline to a low level in early adulthood (Fig. 1A,   B ). We further compared the TIGAR levels in the brains of 1-month-old and 12-month-old mice. The results showed that the level decreased further in 12-month-old mice (Fig.   1C, D) . A similar pattern of developmental changes in TIGAR expression was also seen with immunofl uorescence (Fig. 1E) . Direct staining for TIGAR and MAP-2 indicated that TIGAR immunofluorescence activity was higher at postnatal day 7 than at postnatal day 4 ( Fig. 1F) , while double staining for TIGAR and GFAP did not show any difference in TIGAR expression between these ages (Fig.   1G ).
Higher Levels of TIGAR Correlated with Greater
Tolerance of Neurons to Ischemia/Reperfusion Insult
To determine whether high levels of TIGAR are related to the resistance of neurons to ischemia/reperfusion insult, we examined the changes of TIGAR in mouse brain after ischemia/reperfusion at different ages. TIGAR expression was increased after ischemia/reperfusion at 2 and 3 months. However, in 1-month-old mice, TIGAR expression was significantly decreased 3 h after reperfusion.
Therefore, although the basal levels were dissimilar, TIGAR protein levels in these 3 age-groups were maintained at a similar stable level after reperfusion ( Fig. 2A, B) . However, the 1-month-old group with the highest basal level of TIGAR had the smallest infarct volume (Fig. 2C, D) , as well as the lowest neurologic deficit score (Fig. 2E ) and death rate compared with the 2-and 3-month-old groups (Fig. 2F) .
We also investigated the expression levels of TIGAR in primary neurons from different embryonic ages after reperfusion. The same pattern of changes occurred in primary neurons that underwent OGD/reoxygenation insult (Fig. 2G, H) . The viability of primary neurons cultured from embryonic day 12 after OGD/reoxygenation was higher than that of neurons from embryonic days 16 and
Supplementation of the primary neurons with NADPH
rescued the viability in all three groups (Fig. 2I) . These results suggested that TIGAR is a critical modulator of OGD/reoxygenation-induced neuronal death.
Higher Levels of TIGAR Correlated with Greater
Tolerance of Neurons to Oxidative Stress H 2 O 2 causes a dose-and time-dependent decrease in cellular viability [23] . To further explore the role of TIGAR in (Fig. 3A, B) . After H 2 O 2 treatment, the neurons with highest basal level of TIGAR (E12) had the highest survival rate (Fig. 3C ).
To investigate the potential mechanism by which TIGAR protects against ischemia/reperfusion injury, ROS production in primary neurons from mice of different embryonic ages were determined with DHE staining.
All three groups had increased ROS levels after H 2 O 2 treatment. The neurons from embryonic day 20 showed a greater increase in ROS levels than those from embryonic day 12 (Fig. 3D, E) .
TIGAR Level Correlated with Pentose Phosphate Pathway Activity
To determine whether the responses of cellular redox homeostasis to ischemia vary with age, we measured the levels of NADPH/NADP + , GSH/GSSG, and LD in vivo and in vitro and found that they differed among different age groups. The highest levels of NADPH (Fig. 4A) and GSH (Fig. 4B) , and the lowest levels of LD (Fig. 4C) were found in 1-month-old mice. The NADPH (Fig. 4A ) and GSH levels ( Fig. 4B) were markedly decreased immediately after reperfusion (0 h), but appeared to partially recover at 3 h.
The pattern of change for NADPH and GSH after ischemia/ reperfusion injury did not significantly differ among groups. The LD levels quickly increased at the onset of reperfusion (Fig. 4C) and were inversely correlated with the TIGAR levels. Similar results were obtained in primary cultured cortical neurons (Fig. 4D, E) . Higher basal levels of LD occurred in neurons from day 16 and 20 embryos compared to those from day 12 embryos. LD increased sharply in all three groups during reoxygenation (Fig. 4F) .
We also investigated the correlation between TIGAR expression level and oxidative stress. Higher NADPH levels were found in young than in old mouse brains (Fig.   4G ). Furthermore, we compared the oxidative stress in the brains of 1-month-old and 12-month-old mice and found that NOX 4 transiently increased after ischemia, but rapidly declined 3 h after reperfusion in young mouse brains, whereas it was maintained at relative high levels in old mouse brains (Fig. 4H) . Nitrotyrosine was up-regulated 3 h after reperfusion in both young and old mouse brains, and was much higher in the old mice.
Increased DNA Damage Response (DDR) to Ischemia/
Reperfusion during Development
As previous findings suggested that TIGAR regulates the DDR [24] , we examined the γ-H2A.X expression in mouse brain. The result showed that the γ-H2A.X expression signifi cantly increased after 3 h of reperfusion (Fig. 5A, B) .
Furthermore, the γ-H2A.X expression in older mice (2 and 3 months) was significantly higher than that in younger mice (1 month old) (Fig. 5C, D) . Similar results were obtained in cultured neurons after 3 h of reoxygenation (Fig. 5E, F) . γ-H2A.X was markedly increased in neurons cultured at different embryonic ages as shown by immunofl uorescence. The increase of γ-H2A.X production in the embryonic-day-20 group was most robust (Fig. 5G) .
We also investigated DNA damage, another biomarker of oxidative stress [25, 26] . The data showed that the DNA damage 3 h after OGD was more severe in neurons from later embryonic days (Fig. 5H) , as evidenced by increased
Comet tail length and DNA content in the tail (Fig. 5I, J) .
These results suggest that higher TIGAR expression in younger mice may confer greater resistance to ischemic DNA damage.
Ischemia/Reperfusion Induced More Severe Mitochondrial
Damage in Aged Mouse Brain
Cytochrome c was released to the cytoplasm 6 h after ischemia/reperfusion (Fig. 6A, B) , and the release was highest in 3-month-old mice (Fig. 6C, D) . Similar results were obtained with immunofluorescence in primary neurons (Fig. 6E) . With increasing gestational age, the re-localization of cytochrome c from mitochondria to the cytoplasm increased after OGD/reoxygenation insult.
DISCUSSION
In previous study, we demonstrated that TIGAR is upregulated in response to ischemia/reperfusion, and manipulation of TIGAR levels significantly alters the sensitivity of neurons to ischemia/reperfusion damage and long-term post-ischemia survival and functional recovery.
In the present study, we found higher levels of TIGAR in neonatal cerebral cortex and neurons of earlier embryonic age. This pattern of TIGAR expression was correlated with the sensitivity of neurons to ischemia/reperfusion insult. [28] [29] [30] [31] . For example, many studies have reported that the expression of NMDA receptor subunits changes during neuronal development [28, 32] . The changes in NMDA receptor number and functionality during neuronal development and maturation may also account for the differing vulnerability of neurons to ischemic injury.
It is now well-established that NADPH derived from the PPP is a key molecule in maintaining the function of several important redox and antioxidant defense mechanisms through the production of GSH [33, 34] , a cysteine-containing tripeptide essential for maintaining the normal reduced state of cells [35, 36] . Oxygen deprivation induces a rapid stimulation of glycolysis, the well-known Pasteur effect [37] .
However, neurons have little capacity to perform anaerobic glycolysis due to the low activity of Pfkfb3 (6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3) [38] . We found that the high expression of TIGAR in younger adult mice and primary neurons from earlier embryonic periods had higher NADPH/NADP+ and GSH/GSSG levels under basal conditions. However, the pattern of GSH levels did not change after ischemia/reperfusion. The basal LD (the product of glycolysis) level in mice was inversely correlated with the expression level of TIGAR, higher TIGAR levels resulting in lower LD levels. After ischemia/reperfusion, the increase in LD levels was greater in mice with lower TIGAR levels. However, in cultured primary neurons, there was no such correlation. Ischemia/reperfusion also induced much more severe oxidative stress in the brains of old mice than in young mice after ischemic insult. We also found that the TIGAR level was robustly elevated in the young adult mouse brain after ischemia/reperfusion and in primary neurons from later embryonic mouse brains after OGD/ reoxygenation. These are consistent with the previous report that TIGAR inhibits the glycolytic rate and promotes PPP flow, actions that favor neuronal survival under ischemic conditions [15] .
However, TIGAR did not change or even decreased in younger adult mouse brains and in primary neurons cultured from earlier embryonic ages. This differential change brought the TIGAR level almost to the same level among the different-aged groups after ischemic insult.
Thus, the vulnerability of neurons to ischemic damage appeared to correlate closely with the basal level of TIGAR. On the other hand, why neurons from various developmental stages respond differently is not clear.
Numerous studies have demonstrated the role of ROS in the pathophysiology of neurological disorders, including ischemia and degenerative diseases [39] . ROS cause macromolecular damage such as DNA oxidation, which can lead to cell injury and death [40] . ROS accumulate as byproducts of the electron-transport chain, causing mitochondrial damage [41] . TIGAR contributes to the regulation of intracellular ROS levels by modulating the glycolytic pathway [13, 37] . In this study, we found that ischemia/reperfusion and OGD/reoxygenation induced severe DNA damage in mouse neurons. The lower TIGAR expression in older adult mouse brains and neurons cultured from later embryonic ages aggravated the DNA and mitochondrial damage, when compared to younger adult mouse brains and neurons cultured from an earlier embryonic period. These data suggested that younger adult mice and neurons from an earlier embryonic period have a stronger ability to switch the metabolic pathway from glycolysis to PPP and to reduce oxidative stress. In summary, the basal level of TIGAR was higher in young adult brains and early embryonic neurons. There was a correlation between the PPP activity and anti-oxidation capability. These data suggest that the decline in the expression level of TIGAR is correlated with the agedependent increase in vulnerability of neurons to ischemic injury and may be a new therapeutic target for stroke.
